Abstract Induced seismicity has been observed near Monticello Reservoir, South Carolina, since December 1977. Deployment of a seismic network before impoundment allowed for detection and accurate location of pursuant seismicity since its inception. Corroborative fault-plane solutions, together with geological and borehole data on fracture orientations, made it possible to determine the structures associated with the initial seismicity. Earlier descriptions attributed this seismicity to the undrained elastic response to impoundment of the reservoir or to a coupled poroelastic response, where diffusion of pore pressure and subsequent weakening was the predominant cause. Quantitative evaluation of strength changes at hypocentral locations of a subset of 53 well-located earthquakes that followed the initial impoundment led to the following results: (1) The rocks in the vicinity of Monticello Reservoir are critically stressed, and strength changes less than or equal to 0.1 MPa are adequate to trigger seismicity; (2) except at locations on the periphery of the reservoir, and at shallow depths within it (Յ1 km), impoundment of the reservoir led to strengthening at hypocentral locations due to the undrained elastic effect; (3) diffusion of pore pressure is the dominant mechanism for the observed seismicity; and (4) the inferred permeability of the fractures associated with seismicity, 5 ‫ן‬ 10 ‫41מ‬ m 2 (50 mD), lies within the range of seismogenic permeability associated with induced seismicity.
Introduction
Seismicity induced by human activity is confined in both space and time, and its study can lead to a better understanding of the physics of earthquakes. Studies of seismicity related to impoundment of reservoirs (e.g., Simpson and Negmatullaev, 1981; Talwani, 1996) , injection of fluids in a well (e.g., Zoback and Harjes, 1997; Jost et al., 1998) , withdrawal of fluids (Segall, 1989) and mining activity (e.g., McGarr and Wiebols, 1977; Gibowicz and Kijko, 1994; McGarr 1994) , all bear evidence to the presence of critically stressed rocks in the earth's crust, wherein small stress changes induced by human activity trigger earthquakes.
Seismicity at Monticello Reservoir, South Carolina, is one of the better studied examples of reservoir induced seismicity (RIS). Seismic monitoring started in September 1977, three months before reservoir impoundment, and detailed geological, geophysical, and borehole data were obtained subsequently (South Carolina Electric & Gas Company, 1977; Talwani et al., 1978 Talwani et al., , 1980 Fletcher, 1982; Hutchenson, 1982; Secor et al., 1982; Zoback and Hickman, 1982; Talwani and Acree, 1987) . These data have made it possible to infer the mechanisms associated with the onset of RIS (Talwani and Acree, 1984; Simpson et al., 1988; Rajendran and Talwani, 1992; Talwani, 1997) . All these studies address the mechanisms of RIS in a qualitative manner. Simpson et al. (1988) ascribe the initial seismicity to the undrained loading effect of impoundment, whereas Talwani and Acree (1984) and Talwani (1997) suggest that diffusion of pore pressure was mainly responsible. To evaluate these effects, we report the results of quantitative evaluations of the two mechanisms. First, we briefly summarize our understanding of these two effects and then evaluate the factors that led to the initial seismicity from 25 December 1977 to 31 January 1978.
Background
Impoundment of a reservoir can trigger seismicity in two ways, an immediate, undrained response to loading, and a delayed response due to the diffusion of pore pressure. (For a detailed discussion, see Simpson et al. [1988] , Rajendran and Talwani [1992] , and Talwani [1997] .) Here we briefly summarize the two effects and introduce the nomenclature used in this article.
The RIS is caused by shear failure along a pre-existing fault plane. According to Coloumb's law, the total strength change, DS, along the pre-existing fault plane due to reservoir impoundment is given by (Bell and Nur, 1978) :
and
where Dr n and Ds are the changes in normal and shear stresses, respectively, and l is the coefficient of friction. The change in pore pressure, DP, occurs in two ways: instantly, in response to undrained loading, DP u , in which the porous rock is compressed, yet fluids remain confined within it (e.g., Skempton, 1954) ; and after a time delay by diffusion of pore pressure DP diff from the reservoir into the shallow crustal rocks. Negative values of DS signify weakening of the fault, while positive values imply strengthening. An increase in DP weakens the fault. Neglecting nonlinear effects, the subsurface responds elastically to the reservoir loading by changing normal and shear stresses on a fault plane. An increase in normal stress strengthens the subsurface fault, while a change of shear stress may weaken or strengthen the fault depending on the orientation of the fault relative to the regional stress field. The instantaneous, or undrained change in strength, DS u , occurs due to an elastic response to loading. It is given by
(1c)
Knowing the filling history, hypocentral locations and orientation of fault planes on which the earthquakes occurred, we can calculate Dr n , DP u , and Ds, and thus, DS u from equation (1c). Assuming the hydraulic diffusivity of the fractures, we can calculate DP diff , and from equations (1b) and (1a), we can obtain the total change in strength, DS, at the hypocenter at the time of the earthquake. We illustrate this technique with observations from Monticello Reservoir, South Carolina, where hypocentral data associated with the impoundment of the reservoir are available.
Initial Seismicity at Monticello Reservoir
Located in central South Carolina, Monticello Reservoir is the source of cooling and makeup water for the Virgil C. Summer Nuclear Station (Fig. 1) . Filling of the reservoir started on 3 December 1977 and was completed on 8 February 1978 (Fig. 2) . The reservoir has a surface area of 27 km 2 and a storage volume of 0.49 km 3 (Talwani and Acree, 1987) .
Seismic monitoring started before the reservoir was impounded. A permanent three-component seismic station, JSC, located 3 km southeast of the reservoir, has been in operation since early November 1973. An additional four seismic stations (Fig. 1) were established by South Carolina Electric & Gas Company three months before the reservoir was impounded (Talwani and Acree, 1987) . These five stations were used to locate subsequent seismicity. The earthquakes were located using the computer program HYPO71 (Lee and Lahr, 1972 ) and a five-layer velocity model developed for the RIS at Monticello Reservoir (Talwani and Acree, 1987) .
The velocity model was developed by incorporating data from two sources. The shallow (Ͻ1 km) velocity structure was obtained from a velocity log in deep well no. 1 (Fig. 1) . The deeper structure was obtained from two calibration shots in a shallow well (at depths of 20-30 m) located on the western shore of Monticello Reservoir (near cluster 3 in Fig. 1 ). The origin times of the blasts were obtained from a seismograph located near the shot point. Impulsive P-and S-wave arrivals were used to obtain V P and V S . The velocity model was tested using travel-time data and the earthquake location program HYPO71 (Lee and Lahr, 1972) to compare the computed locations of the blasts with their actual location. The two blasts were located within 100 and 50 m (epicentral distance) and 260 and 130 m (hypocentral distance) from the shot points. Talwani and Acree (1987) concluded that, conservatively, the epicentral and hypocentral accuracy of earthquakes located within the network was better than 200 and 500 m, respectively.
The solution quality ratings from HYPO71, A-D, of the hypocenters indicate the general reliability of the solution. Quality rating A indicates excellent epicenter and a good focal depth; B indicates good epicenter and fair depth; C indicates a fair epicenter and poor depth; and D indicates poor epicenter and poor depth. (For a quantitative explanation, see Lee and Lahr [1972] .) Earthquake activity began three weeks after the start of reservoir impoundment (Fig. 2) . Within the first two months, through January 1978, 87 earthquakes were located with B and C qualities (Talwani and Acree, 1987) .
The epicentral distance to the nearest station was less than 5 km (often less than 3 km), and the events were located by using eight or more phases including three or more Swave phases. These parameters suggest that the hypocentral locations were accurate to better than 1 km, (see, e.g., Gomberg et al., 1990) . During filling there were minor changes in the V P /V S ratio (1.76 ‫ע‬ 0.02). The differences in computed distances due to differences in V P /V S ratio were less than 3%. For the farthest station with (S-P) equal to about 1 sec, the difference in calculated hypocentral distance is about ‫002ע‬ m. Thus we conclude that the hypocentral locations are accurate enough to be used for stress calculations.
For stress calculations we used a subset of the data with location quality B, standard error of the epicenter (ERH) less than 1 km, standard error of the focal depth (ERZ) less than 1 km, and root mean square error of time residuals less than 0.1 sec. Fifty-three earthquakes satisfied these criteria (Table  1) , of which 46 had ERH less than or equal to 500 m and 41 had ERZ less than or equal to 700 m. These 53 earthquakes occurred in or very close to the reservoir, and no earthquake was located in the deepest part of the reservoir (Fig. 1) . Using a method detailed in the next section of this article, we calculated the total strength change, DS, at the time and hypocentral location of each earthquake. DS was obtained Insets show the location of the reservoir in south Carolina and the seismic stations used to locate the earthquakes. Open and solid circles show locations of earthquakes where the undrained effect due to impoundment of the reservoir resulted in weakening and strengthening, respectively. Boxed groups of epicenters and related fault-plane solutions for various locations are from Talwani and Acree (1987) . X shows the location of the earthquake showing the largest strengthening. The stippled area shows the deepest part of the reservoir where no initial seismicity was observed. W1 shows the location of deep borehole 1.
by first calculating the undrained change in strength, DS u , and then the change in pore pressure due to diffusion DP diff .
Calculation of Stress and Strength Changes
Stress Changes due to the Undrained Effect Boussinesq solutions (Jaeger and Cook, 1969) were used to calculate elastic stress changes caused by reservoir impoundment assuming a homogeneous medium. Stress changes were calculated at each hypocenter due to the water level in the reservoir at the time of the earthquake. The surface of reservoir was gridded into 55 grid blocks, each on a 1 km ‫ן‬ 1 km scale on a 1:24,000 scale topographic map. The epicenters were then plotted on the topographic map. Each grid block that contained an earthquake was further divided into four 0.5 km ‫ן‬ 0.5 km blocks. The total stress change at each hypocenter was obtained by summing the stress changes due to the water level rise in each grid block. The sign convention used was positive for compression and negative for extension. Figure 3a shows the coordinate system used in our calculations. The elastic stress changes at the hypocenter (x, y, z) caused by an average water level increase (Dh) over a surface area (A) within each grid (A Յ 1 km 2 ) due to reservoir impoundment were calculated using the following equations for a point load (Jaeger and Cook, 1969) : 
where p ‫ס‬ qgDhA,
1/2 is the distance from the hypocenter to the center of mass, r xx , r yy , and r zz are normal components, s xy , s xz , and s yz are shear components of the stress changes at the hypocenter, p is the weight increase of water due to the water level increase on the grid, q is the density of water, g is the acceleration due to gravity, A is the surface area of the part of the grid with water level increase and Dh is the average water level increase in the grid; k and G are Lamé constants. Based on the data for the shallow crust near Monticello Reservoir (V P ‫ס‬ 6.2 km/sec, V P /VS ‫ס‬ 1.76, and density of crustal rocks, q R ‫ס‬ 2.7 ‫ן‬ 10 3 kg/m 3 ), we obtained k ‫ס‬ 3.77 ‫ן‬ 10 4 MPa and G ‫ס‬ 3.37 ‫ן‬ 10 4 MPa. The total stress changes r ii (T) and s ij (T) were obtained by summing the contributions of each grid. These values were used in equations (3) and (4).
The pore pressure change due to the undrained effect (Skempton, 1954) is
where the average normal stress change is σ σ = ii T ( )/ , 3 and B is Skempton's coefficient; we assume B ‫ס‬ 0.7 (Talwani et al., 1999) .
To calculate the stresses we needed to identify the fault planes on which the hypocenters were located. We used extensive fault-plane solution and borehole and surface data wherein the geometries of various fractures had been determined. Talwani and Acree (1987) obtained 22 composite fault-plane solutions for various clusters of seismicity, and all of them showed reversed faulting. These varied according to the depth of the hypocenter and according to their association with the lithology in the area-migmatites, granites, or gneisses.
The poles of these fault planes were compared with those of the fractures encountered in the two deep holes (Seeburger and Zoback, 1982) and those encountered in different lithologies during construction of the Virgil C. Summer Nuclear Station (South Carolina Electric & Gas Company, 1977) . Excellent agreement between the set of poles of fractures with those of the nodal planes allowed us to determine the strike and dip of the focal planes as a function of their location, depth, and geologic association (Talwani and Acree, 1987). The fault-plane solutions for each of the 53 earthquakes in this study were inferred according to the hypocentral locations and comparison with the fault-plane solutions of Talwani and Acree (1987) . Seven fault-plane solutions were chosen for these earthquakes (Table 2 , Fig.   1 ). Fault-plane solutions 1 and 5 are for earthquakes whose hypocenters are in granitic rocks, 2 for earthquakes in gneisses, 4 are for earthquakes in the southern part of the reservoir in migmatites, granites, and gneisses, and 3 and 7 are for earthquakes in migmatites. The single event X, as- ) result in stress changes Dr n and Ds at the hypocenter (solid dot (x, y, z)) on the fault plane. (b) Schematic figure to show the parameters used in calculating the effect of pore pressure diffusion. The filling curve is shown schematically on the left. At any time ti, the lake level has increased h i and results in an increase in pore pressure at the bottom of the reservoir, (at level AAЈ). Ri are the shortest distances to the hypocenter at times ti. Table 2 Attitudes of the Nodal Planes N38W  24E  2  N17W  60E  N28E  40W  3  N26W  43W  N35W  50NE  4  N03E  60E  N56W  48W  5  N18E  60W  N41W  48E  6  N06W  62E  NS  28W  7  N59W  48SW  N52W  42NE sociated with fault-plane solution 6, was shallow (Ͻ1 km) and located in migmatite, whereas the nearby events associated with fault-plane solution 4 were deeper than 1 km. Next, for each earthquake, all stress components were projected on each of the inferred fault planes. The total x, y, and z components of the stress change across the fault plane are given by (Jaeger and Cook, 1969 
where l, m, n are the direction cosines of the normals to the fault plane. The normal and the shear stresses across the fault plane (Fig. 3a) are given by (Jaeger and Cook, 1969 )
,
where Ds is positive when the shear stress favors faulting.
The calculated values for Dr n and Ds for each event are listed in Table 3 . The first two columns identify the event number and lake level at the time of the earthquake. Column 3 was obtained from equations (2) and (3). The fault-plane-solution number corresponds to Table 2 . Columns 5, 6, and 7 were obtained from Equations (4), (5) and (1c). DP diff was calculated for three values of C from equation 6 (columns 8, 10, and 12) and the corresponding changes in total strength from equation 1a (columns 9, 11, and 13).
Pore Pressure Increase due to Diffusion, DP diff Impoundment of Monticello Reservoir was achieved by pumping water from a downstream reservoir. The waterlevel curve from the start of pumping to the end of January 1978 is shown in Figure 2 . The water-level rise results in increasing pore pressures at the bottom of the reservoir. These additional pore pressures diffuse to the hypocenter according to the pore pressure diffusion equation. Because the increase in pore pressure corresponding to increase in lake level, h i , is the same at any level within the reservoir, to calculate DP diff , we took the shortest distance to the hypocenter from the reservoir, R i , (Fig. 3b) . With the filling of hitherto unsubmerged areas, the location of surface area under water increases, and the shortest distance to the hypocenter, R i decreases (Fig. 3b) . Figure 3b illustrates the parameters used in the calculation of DP diff at the hypocenter at the time of the earthquake. The filling curve is shown schematically on the left, where h i represents the daily water-level increase. For example, at time t 1 the water level had increased by h 1 over the initial level, and at time t 2 , the water level had gone up h 2 above the level at time t 1 . Water levels at different times, t i , are shown on the right. AAЈ represents the elevation of the bottom of the reservoir, and R i are the shortest distances from the hypocenter to the filled part of the reservoir at times t i . The distances, R i , are of the order of a few kilometers, and as the total height of the fully impounded reservoir is about 30 m, we approximate the distances R i with distances from the hypocenter up to the level AAЈ. The increase in pore pressure at the level AAЈ at time t 1 is due to a head of water with height h 1 . It diffuses to the hypocenter at a distance R 1 away, where it reaches after some time delay. At time t 2 there is an additional pore pressure due to the added height of the water, h 2 . It too diffuses to the hypocenter, but now the shortest distance is R 2 . So after some time delay, the pore pressure at the hypocenter further increases due to the increased head at t 2 . Therefore, the increase in pore pressure at the hypocenter at any time is the sum of the increases in pore pressures (by diffusion) corresponding to earlier incremental increases in the lake level.
Both surface and borehole data (South Carolina Electric & Gas Company, 1977; Seeburger and Zoback, 1982) attest to the presence of isolated regions of well developed fractures in the crystalline rocks. These fractures follow well developed foliation planes. Based on our experience at Bad Creek Reservoir, in similar metamorphic crystalline rocks (Talwani et al., 1999) and at other locations, (e.g., the KTB hole) (Kessels and Kück, 1995) , long-term hydraulic behavior of inclined plane fractures can be sufficiently accurately calculated by using a one-dimensional model.
The cumulative pore pressure increase at the hypocenter at the time of the earthquake was calculated using the solution of the one-dimensional radial diffusion equation modified from Rajendran and Talwani (1992) :
where C is the hydraulic diffusivity, and for various cases of RIS, it lies between 0.1 and 10 m 2 /sec (Talwani and Acree, 1984; Talwani and Chen, 1998) ; DP i ‫ס‬ qgh i and h i is water level increase on the ith day, Dt i is the time elapsed between the time of that water level increase and the time of earthquake, N is the total number of days between the start of reservoir impoundment and the time of earthquake.
Strength Change
The undrained change in strength, DS u , and the total change in strength, DS, were calculated from equations (1c) and (1a), respectively. The calculations involved the following steps. The undrained (instantaneous) change in the stress at the hypocenter was due to the load of the whole reservoir. The stress changes Dr n and Ds at the hypocenter were obtained by dividing the reservoir into grid blocks and adding the contribution of each block to Dr n and Ds at the hypocenter (equations 5a, b). The instantaneous undrained pore pressure change, DP u at the hypocenter in response to the load was calculated from equation (3). These values of Dr n and Ds and DP u were used in equation (1c) to obtain DS u . Following Byerlee (1978) , l ‫ס‬ 0.75 was assumed.
The change in pore pressure at the hypocenter by diffusion, DP diff , was the delayed response to the increases in pore pressure at the bottom of the reservoir due to the increasing lake levels, h i . In calculating DP diff (equation 6), the hydraulic diffusivity was unknown. We calculated DP diff for nine different values of C ranging between 0.1 m 2 /sec and 10 m 2 /sec. This range covers the observed range of C for cases of induced seismicity (Talwani and Acree, 1984; Talwani and Chen, 1998) . Of these nine sets of calculations we show the results obtained by using C ‫ס‬ 0.5 m 2 /sec, 2 m 2 / sec, and 5 m 2 /sec. The calculated pore pressure change due to diffusion at the time of the earthquake DP diff (from equation 6) was added to the undrained change in pore pressure, DP u , from equation (3) to obtain the total change in pore pressure, DP (equation 1b), which was then used in equation (1a) to obtain the total (combined) change in strength DS.
Sample Calculation
We illustrate our methodology with a sample calculation of DS u and DS for event 20, which occurred on 13 January 1978 at 03 hr 13 min 49.13 sec. At that time the lake level had risen about 22 m since impoundment started, and the water level increased in 34 of the grid blocks. To obtain the stress components for each grid block, we substituted the mean water-level increase Dh, surface area A, and hypocentral distance r in equation (2) (Appendix I). The total contribution of all the grids gave r xx (T) ‫ס‬ 0.007 MPa, r yy (T) ‫ס‬ 0.020 MPa, r zz (T) ‫ס‬ 0.091 MPa, s xy (T) ‫ס‬ 0.016 MPa, s xz (T) ‫ס‬ 0.032 MPa, and s yz (T) ‫ס‬ 0.045 MPa. Assuming B ‫ס‬ 0.7, from equation (3) we then obtain DP u ‫ס‬ 0.027 MPa (Table 3) .
We next calculated the undrained elastic loading effect at the hypocenter for this event on the specific fault plane. Based on its hypocentral location, this event was inferred to be associated with fault-plane solution 2, and the inferred fault plane had a strike of N17ЊW and a dip of 60ЊE (Table  2 ). The direction cosines of the fault plane are l ‫ס‬ 0.47, m ‫ס‬ ‫,51.0מ‬ and n ‫ס‬ 0.87. From equations 4, 5a, and 5b, we get Dr n ‫ס‬ 0.083 MPa and Ds ‫ס‬ ‫850.0מ‬ MPa. Since the increase in vertical normal stress was much greater than that in the horizontal stresses (Appendix I), the increase of shear stress was not in favor of failure, so we assigned the change in shear stress Ds (equation 5b) a negative value. Assuming l ‫ס‬ 0.75 (Byerlee, 1978) , from equation (1c), we get DS u ‫ס‬ 0.100 MPa (Table 3) .
Finally, we determined the pore pressure changes at the time and location of the event due to diffusion of pore pressure. The time delay between the start of impoundment and the time of the earthquake is 41 days, of which there were 26 days when there was an increase in the water level (h i Ͼ 0). The pore pressure increase at the hypocenter of the event due to each of these 26 increases was calculated using equation (6) for nine different hydraulic diffusivity values, and the results for three values are shown (Appendix II). The sum of all 26 step increases for different values of C were used to get DP diff (Table 3) . The total change due to both the undrained effect and drained effect, DS, for each value of C was calculated using Coulomb's law, equation (1a), and the results are listed in Table 3 .
Results
Figure 4 compares the instantaneous (or undrained) changes in strength associated with reservoir impoundment, DS u , with total changes in strength due to the combined undrained and diffusion effects, DS. Of the 53 earthquakes undrained, elastic loading resulted in weakening for 17, of which 16 had a depth less than or equal to 1 km (Fig. 4a) . Of these 17, only 7 were below the spreading lake waters at the time of the earthquakes. Except for three very shallow events with z less than 400 m, the magnitude of weakening is less than or equal to 0.05 MPa. Of the 36 events that showed strengthening due to loading, 31 were Ն 1 km deep. The magnitude of strengthening is about 0.25 MPa or less. Thus, seismicity associated with the undrained elastic loading effect of impoundment can at best account for only the shallow (Ͻ1 km deep) earthquakes at Monticello Reservoir. An absence of initial seismicity below the deepest part of the Monticello Reservoir (Fig. 1) further attests to the strengthening effect of loading. (Earthquakes beneath the deepest part of the reservoir did not occur until 1985 [Talwani and Acree, 1987] ).
We calculated the hydrostatic restoring stress due to flexure caused by the loading of the reservoir, r w , which is given by σ ρ ρ
where q R and q are the densities of rock and water, and W i is the flexure corresponding to the load of water (Turcotte and Schubert, 1982) . For Monticello Reservoir, the maximum flexure corresponding to about 30 m of water is 0.01 m, and the calculated stress due to flexure below the deepest part of the reservoir is 0.0002 MPa. It is even lower outside the reservoir. Thus the stress changes due to flexure do not contribute to the seismicity. We thus conclude that an increase in pore pressure by diffusion accounts for the greater bulk of observed seismicity.
Such an effect is illustrated by calculating the total changes in strength, DS, that incorporate both the undrained elastic loading and pore pressure diffusion effects for three values of hydraulic diffusivity ( Fig. 4b-d) . Weakening increases with an increase in hydraulic diffusivity, C. For C ‫ס‬ 5 m 2 /sec, weakening predominates. This value is at the high end of seismogenic diffusivity (0.1 to 10 m 2 /sec) found to be characteristic of cases of induced seismicity (Talwani and Chen, 1998) . The maximum weakening, about 0.3 MPa, is associated with a shallow event (z Ϸ 0.4 km) and 0.1 MPa for the deeper events (z Ն 1 km). We can estimate the permeability, k, of the fractures from the inferred value of hydraulic diffusivity, C, following Bodvarsson (1970) :
Assuming a porosity, ‫ס‬ 3 ‫ן‬ 10 ‫3מ‬ ; viscosity of water at hypocenter, m ‫ס‬ 0.5 ‫ן‬ 10 ‫3מ‬ Pa (s) (Weast, 1987) ; compressibility of fluid, b f ‫ס‬ 4.6 ‫ן‬ 10 ‫01מ‬ Pa ‫1מ‬ , and compressibility of rock, b r ‫ס‬ 2 ‫ן‬ 10 ‫11מ‬ Pa ‫1מ‬ (Talwani and Acree, 1984; Talwani et al., 1999) , a diffusivity value, C ‫ס‬ 5 m 2 / sec corresponds to a permeability, k ‫ס‬ 5 ‫ן‬ 10 ‫41מ‬ m 2 (50 mD).
Since most of the seismicity was shallow and at relatively small hypocentral distances from the reservoir, we tested the effect of location accuracy on our results. We calculated DS u for the given depth, Z, and for Z ‫ע‬ ERZ for all 53 events. The changes in DS u varied from less than 0.005 MPa to 0.06 MPa. We also calculated changes in DS u for epicentral inaccuracies of five representative events by perturbing the location by ERH in north, south, east, and west directions. The changes in DS u varied from about 0.02 MPa to 0.06 MPa. But, importantly, these calculations showed that at most of the hypocenters, impoundment of the reservoir led to strengthening, and only after there was an increase in pore pressure by diffusion did we get weakening. In other words, inaccuracies in the hypocentral locations did not alter the main observation; the effect of undrained elastic loading was strengthening at most hypocentral locations. (Fig. 4a) , with coupled poroelastic strength changes, DS for C ‫ס‬ (b) 0.5, (c) 2, and (d) 5 m 2 /sec. Open circles are events that show weakening due to undrained effect, whose locations are shown in Figure 1 . These events may or may not have been triggered by elastic loading and the resultant increase in undrained pore pressure (DS u ); the faults on which they occurred were subsequently further weakened by the process of pore pressure diffusion. Weakening for all events increases with increasing diffusivity, C. ‫ן‬ shows the earthquake with largest strengthening.
Discussion and Conclusions
Earlier studies investigated elastic (undrained) stress changes due to reservoir impoundment at Lake Kariba (Gough and Gough, 1970) and at Lake Oroville (Beck, 1976) . In both studies, the authors calculated only the elastic stress changes and not the changes in pore pressure due to Skempton's effect. In their theoretical analysis of stress and strength changes due to reservoir impoundment, Bell and Nur (1978) considered both elastic stress and pore pressure changes due to diffusion. They found that the magnitude of strength change due to reservoir impoundment varied with assumed permeability values and the location of permeability contrast. In their heuristic study, Simpson et al. (1988) considered both elastic (undrained) and diffusion effects to explain RIS. They ascribed initial seismicity at some shallow reservoirs, including the Monticello Reservoir, to the elastic (undrained) effect only.
The installation of a seismic network prior to impoundment and detailed complementary geological, borehole, and geophysical studies at Monticello Reservoir (Talwani and Acree, 1987) provided a unique data set to study the nature of the initial seismicity that followed impoundment. The development of a five-layer velocity model ensured accurate hypocentral locations. Using detailed information regarding filling history, focal mechanisms, and geology of the area, we calculated changes in strength DS u and DS at the hypocenters for 53 well-located events. Our results can be summarized as follows:
1. Strength changes less than or equal to 0.1 MPa are enough to trigger RIS, which indicates that a large part of the crust beneath the reservoir area was in a state near critical failure before the reservoir was impounded. Our observation supports the suggestion of self-organized criticality, which claims that large parts of crust are very near the state of critical failure, so that small outside stress perturbations can trigger failure (Grasso and Sornette, 1998 ). 2. Changes in the undrained stress due to the combination of elastic loading and the concurrent increase in pore pressure due to this load on the undrained crustal rocks, can explain, at best, a small fraction of the initial seismicity. 3. The vast bulk of Reservoir Induced Seismicity at Monticello Reservoir is primarily associated with the diffusion of pore pressure. 4. The inferred diffusivity values, C ‫ס‬ 5 m 2 /sec, correspond to permeability, k ‫ס‬ 5 ‫ן‬ 10 ‫41מ‬ m 2 (50 mD). These values are in agreement with an earlier estimate of permeability for Monticello Reservoir (Talwani and Acree, 1984) and with the inferred range of seismogenic permeability (Talwani and Chen, 1998) . Appendix II Pore pressure increase due to diffusion at the hypocenter of event 20 was calculated for increase in water level at each day before the event (Table A2 ). The sum of pore pressure increase over the 26-step water-level increase was used to calculate DS.
Appendix I
The elastic (undrained) stress changes at the hypocenter of event 20 due to water-level change in each grid block were calculated using equation (2). The sum of the stress components for all the blocks gave the components of the total stress change. 
